Chem ically deposited silver particles are widely used for surfaceenhanced Raman scattering (SERS) and more recen tly for surfaceenhanced uorescence (SEF), also known as metal-enhanced uorescen ce (MEF). We now show that metallic silver deposited by laser illumination results in an ;7-fold increased intensity of locally bound indocyanine green. The increased intensity is accompanied by a decreased lifetime and increased photostability. These resu lts demonstrate the possibility of photolithographic preparation of surfaces for enhanced uorescence in m icro uidics, medical diagnostics, and other applications.
INT RODUCTIO N
Fluorescence has become the dominant detection technology in medical diagnostics and biotechnology. While uorescence provides high sensitivity, there exists the need for reduced detection limits and/or small copy-number detection. Detectability is usually limited by autouorescence of the samples and/or the photostability of the uorophores. In an effort to obtain increased sensitivity, we have recently investigated the use of metallic surfaces or particles to favorably m odify the spectral properties of uorophores. [1] [2] [3] [4] We demonstrated that proximity of uorophores to metallic silver particles results in increased intensities, quantum yields, photostability, and decreased lifetimes. These results are consistent with increased radiative decay rates of the uorophores, G, induced by an interaction with these metallic surfaces. These effects have been predicted theoretically [5] [6] [7] and are related to surface-enhanced Raman scattering (SERS), except that the effects on uorescence are thought to be due to through-space interactions, which do not require molecular contact between the uorophores and the m etal.
For use in medical and biotechnology applications, such as diagnostic or micro uidic devices, it would be useful to obtain metal-enhanced uorescence (MEF) at desired locations in the measurem ent device. While a variety of m ethods could be used, we reasoned that the light-directed deposition of silver would be widely applicable. In recent years, a number of laboratories have reported light-induced reduction of silver salts to metallic silver. [8] [9] [10] [11] Typically, a solution of silver nitrate is used that contains a m ild potential reducing agent such as a surfactant 10 or dimethylformamide. 11 Exposure of such so- lutions to ambient or laser light typically results in the formation of silver colloids in suspension or on the glass surfaces. These results suggested the use of light-induced silver deposition for locally enhanced uorescence.
In the present report we examined the long-wavelength dye indocyanine green (ICG), which is widely used in a variety of in vivo m edical applications. [12] [13] [14] [15] [16] ICG displays a low quantum yield in solution, ;0.016, 17 and a somewhat higher quantum yield when bound to serum albumin. [18] [19] [20] Albumin adsorbs to form a monolayer 21, 22 and ICG spontaneously binds to album in. ICG is chemically and photochemically unstable, and thus provided us with an ideal opportunity to test photo-deposited silver for both metal-enhanced emission and increased photochemical stability.
M ATERIAL S AND M ETH ODS
Indocyanine green ( Fig. 1 ) and human serum albumin (HSA) were obtained from Sigma and used without further puri cation. Emission spectra of ICG were measured using an SLM 8000 spectro uorometer with an excitation wavelength of 760 nm from a Spectra Physics Tsunami Ti : Sapphire laser in the continuous-wave (CW, nonpulsed) m ode, vertically polarized, 760 nm incident on the sample at 458 from the normal. Emission spectra were recorded at the magic angle. Intensity decays were also measured at the m agic angle, 54.78, by time-correlated single-photon counting (TCSPC), using an SPC630 PC card (Becker and Hickl Gmbh), in reverse start-stop mode. The 760 nm excitation was obtained from a modelocked Argon-ion pump, cavity-dumped Pyridine 2 dye laser with 3.77 M Hz repetition rate. The instrum ental response function was ,40 ps full width at half-maximum (FW HM).
The intensity decays were analyzed using nonlinear least-squares impulse reconvolution in terms of the multiexponential model:
where a i are the pre-exponential factors and t i are the decay times, Sa i 5 1.0. The fractional contribution of each component to the steady-state intensity is given by:
The m ean lifetime of the excited state is given by: 
The amplitude-weighted lifetime is given by:
For the laser deposition of silver particles, clean glass substrates were silanized with 3-aminopropyl trimethoxysilane (A P S) or 3-m erc aptopropyl trim ethoxysilane (MCTMS). Glass microscope slides (Aldrich Chemical Co.) were rst cleansed in a 10:1 (v/v) m ixture of H 2 SO 4 (98%) and H 2 O 2 (30%). The slides were subsequently treated with an appropriate % volume/volume (v/v) silanization agent for one hour to form the adhesion layer on the glass substrate. Water or ethanol was used to form the silanization solution for APS and MCTM S, respectively. This treatment coats the glass surface with either amine groups, in the case of APS, or thiol groups, for MCTM S, which are well known to bind to silver colloids from solution. After washing in distilled water to remove excess agents, the slides were then ready for the laser deposition of silver.
The silver-colloid-form ing solution was prepared by adding 4 mL of 1% trisodium citrate solution to a warm ed 200 m L 10 23 M AgNO 3 solution. This warm ed solution already contains some silver colloids as seen from a surface plasmon absorption optical density near 0.1. A 180 mL aliquot of this solution was syringed between the glass microscope slide and the plastic cover slip (CoverWell PCI 0.5), which created a micro-sample chamber 0.5 m m thick ( Fig. 2) . For all experiments a constant volume of 180 mL was used. Irradiation of the sample chamber was undertaken using a HeCd laser, Liconix M odel 4240PS, with a power of ;8 mW, which was collimated and defocused using a 103 microscope objective, numerical aperture (NA) 0.40, to provide illumination over a 0.5 mm diameter spot. Following silver deposition, the slides were rinsed and incubated for 24 h in a 30 mM ICG, 60 mM HSA buffered solution. The HSA-ICG-coated slides were then sandwiched with another uncoated glass m icroscope slide, which formed a microcuvette, with an approximate 1 mm path length. Buffer in the small cavity prevented the HSA-ICG above the silver and on the glass (unsilvered areas) from drying out during measurem ents.
RESULTS
Illumination of the APS and M CTMS treated slides at 442 nm resulted in the deposition of metallic silver in the illuminated region. Laser-deposited silver could be seen visually within m inutes; however, deposited silver could not be observed with room light exposure for a similar period of time. However, over much longer time periods, e.g., 4 days, silver was evident on the glass slides, suggesting that even ambient room light can produce silver colloids, which can adhere to the surfaces over m uch longer time periods. To some extent, this observation also manifests itself in the fact that bottles of long-standing silver nitrate on a laboratory shelf are coated with metallic silver over time.
The laser-deposited silver displayed a surface plasmon absorption ( Fig. 3 ) typical of sub-wavelength-size silver particles. Silver was deposited on both the microscope slide and the cover slip, but signi cantly more silver was visible on the treated slides than on the untreated cover slip. The optical density of the deposited silver increased approximately linearly with illumination time (data not shown), increasing much more rapidly with MCTMS treated slides (data not shown).
Indocyanine green in a tricarbocyanine dye displays long-wavelength absorption and emission, 795 and 810 nm, respectively. ICG binds spontaneously to human serum albumin, which in turn adsorbs to silvered glass surfaces. 21, 22 We recently reported increased intensities of ICG-HSA when bound to silver island lms (SIF s). 23 These lms are formed by chemical reduction of silver and consist of a heterogeneous population of silver particles bound to glass. 24 SIFs are frequently used for SERS. To the best of our knowledge, there have been no reports of SERS or surface-enhanced uorescence (SEF) using light-deposited silver.
We examined the emission spectrum of ICG-HSA when bound to illuminated or non-illuminated regions of the APS and M CTMS treated slides. For APS treated slides (Fig. 4 ) the intensity of ICG was increased about 7-fold in the regions with laser-deposited silver. The extent of the ICG enhancement was variable from spot to spot, or within a single spot, with some regions displaying much greater increases in intensity, which appeared to depend on the optical density of the spot. It was generally observed, within a single spot, that the ICG intensity increased towards the center of the spot, although no qualitative data is available due to the diameter of the excitation beam with respect to that of the spot itself. We do, however, speculate that the enhancement is likely to follow the Gaussian nature of the beam pro le.
Fluorescent probes frequently display increases in intensity when bound in a rigid environm ent. In such cases, the increased intensity is due to a decrease in the nonradiative decay rates, k nr , so that the lifetime also increases:
In contrast, the increased intensities due to a metallic surface, Q m , are due to an increase in the radiative decay rate (G 1 G m ) and thus result in an increase in quantum yield (number of photons emitted vs. number of photons absorbed) and decreased lifetime, t m :
For completeness we note that other effects of metals are possible including quenching and increased rates of excitation.
To distinguish between increases in k nr or increase in G m we examined the intensity decays of ICG-HSA (Fig.  5) . The intensity decay is more rapid on glass than in solution. This effect has been observed previously but we presently have no explanation. More importantly, there is a much m ore dramatic decrease in the decay times when ICG-HSA is bound to laser-deposited silver ( Fig. 5 and Table I ). The decrease in the decay times and ,t. are t due to a very short ;6 ps component in the decay, with the other minor com ponents similar to that observed on glass. Control measurements showed that scattered light did not contribute to the intensity decays and therefore were not the origin of the shorter components of the decay. We interpret the short component as due to ICG molecules at approximate distances from the silver surfaces to result in a dram atically increased radiative decay rate and the longer component to ICG m olecules that are more distant from the silver surfaces. The fact that the lifetimes decreased indicates that at least part of the intensity increase is due to faster radiative decay and not to an increased rate of excitation.
We also examined the photostability of ICG-HSA when bound to glass or laser-deposited silver. We reasoned that ICG molecules with shortened lifetimes should be m ore photostable because there is less time for photochemical processes to occur. The intensity of ICG-HSA was recorded with continuous illumination at 760 nm. W hen excited with the same incident power, the uorescence intensities, when considered on the same intensity scale, decreased somewhat more rapidly on the silver (Fig. 6, top) . However, the difference is minor. Since the observable intensity of the ICG molecules prior to photobleaching is given by the area under these curves, it is evident that at least 10-fold more signal can be observed from ICG near silver as compared to glass. Alternatively, one can consider the photostability of ICG when the incident intensity is adjusted to result in the same signal intensities on silver and glass. In this case (Fig. 6 , bottom) photobleaching is slower on the silver surfaces. The fact that the photobleaching is not accelerated for ICG or silver indicates that the increased intensities on silver are not due to an increased rate of excitation.
Finally, we investigated the possibility of using an inverted microscope to laser-deposit silver on APS treated slides, with the intention of producing signi cantly smaller spots than the 0.5 cm diameter spots obtained with the 8 mW illumination using the HeCd source (Fig. 2) . By adapting an inverted microscope, Axiovert 135 TV (Fig.  7, top) and using a 103 0.4 NA objective, we were able to rapidly produce laser-deposited spots of the order of 50 mm in diameter (Fig. 7, bottom) , with different optical densities depending on the time of illumination. If the slides were not treated with APS, silver was deposited. However, the silver was less strongly bound to the glass surface and could be removed with washing. Interestingly, due to the increased irradiance of the focused light, ;560 W /cm 2 , the silver now deposited m uch faster on the slides (Fig. 7) . This suggests the application of highly focused light for the laser deposition of silver over very small areas and, indeed, in a very short time frame. The speed of this silver lithographic process may therefore aid its introduction into MEF technologies, which may in the future require mass production, such as disposable sensors, gene chips, or m icro uidic-type devices. 
DISCUSSIO N
In our opinion, m etal-enhanced uorescence from light-deposited silver can have numerous applications in analytical chemistry, m edical diagnostics, and biotechnology. One immediate application could be to microuidic devices such as the ''lab on a chip''. [25] [26] [27] [28] [29] In these devices there are typically spatially separate mixing and detector locations. One can imagine the detection areas being illuminated to deposit silver for increased detection sensitivity, particularly for low-quantum-yield uorophores, which are preferentially enhanced near silver particles. [1] [2] [3] [4] 30 This approach could also be applied to other uorescence systems such as ow DNA analysis or single-molecule DNA sequencing. [31] [32] [33] [34] Another potential application of light-deposited silver could be on gene chips or DNA arrays. 35, 36 In this appli-cation, photolithography is already in use for spatially directed synthesis of the DNA oligomers. 37 Hence, it m ay be possible to introduce illumination steps that would deposit silver at the desired locations. Alternatively, methods are known for m icrocontact printing of silane reagents onto glass, providing the desired spatial distribution of amino groups. 38 One could then illuminate the entire device and obtain deposition of the colloids on the amine-coated regions. Our observation of enhanced uorescence with light-deposited silver extends the range of applications of metal-enhanced uorescence.
